Holbein WW, Toney GM. Sympathetic network drive during water deprivation does not increase respiratory or cardiac rhythmic sympathetic nerve activity. J Appl Physiol 114: 1689 -1696, 2013. First published April 11, 2013 doi:10.1152/japplphysiol.00078.2013.-Effects of water deprivation on rhythmic bursting of sympathetic nerve activity (SNA) were investigated in anesthetized, bilaterally vagotomized, euhydrated (control) and 48-h water-deprived (WD) rats (n ϭ 8/group). Control and WD rats had similar baseline values of mean arterial pressure, heart rate, end-tidal CO 2, and central respiratory drive. Although integrated splanchnic SNA (sSNA) was greater in WD rats than controls (P Ͻ 0.01), analysis of respiratory rhythmic bursting of sSNA revealed that inspiratory rhythmic burst amplitude was actually smaller (P Ͻ 0.005) in WD rats (ϩ68 Ϯ 6%) than controls (ϩ208 Ϯ 20%), and amplitudes of the early expiratory (postinspiratory) trough and late expiratory burst of sSNA were not different between groups. Further analysis revealed that water deprivation had no effect on either the amplitude or periodicity of the cardiac rhythmic oscillation of sSNA. Collectively, these data indicate that the increase of sSNA produced by water deprivation is not attributable to either increased respiratory or cardiac rhythmic burst discharge. Thus the sympathetic network response to acute water deprivation appears to differ from that of chronic sympathoexcitation in neurogenic forms of arterial hypertension, where increased respiratory rhythmic bursting of SNA and baroreflex adaptations have been reported. sympathetic nerve activity; hypertension; paraventricular nucleus; rostral ventrolateral medulla; respiratory network SUPPORT OF ARTERIAL PRESSURE in water-deprived (WD) rats depends on the level of ongoing sympathetic nerve activity (SNA) (6, 7, 29, 37, 39, 43) . Although water deprivation progressively unloads cardiopulmonary volume receptors, increases circulating hormones (vasopressin, oxytocin, angiotensin II), and raises body fluid osmolality (6, 40), data indicate that body fluid hyperosmolality is the principal driver of sympathetic network activity (6, 29). Hyperosmolality activates osmosensory neurons in the forebrain lamina terminalis (32-34, 40) and during water deprivation recruits a descending neural pathway to presympathetic neurons of the hypothalamic paraventricular nucleus (PVN). Water deprivation mainly activates glutamatergic PVN neurons (36) with axonal projections to downstream sympathetic regulatory targets, including reticulospinal neurons of the rostral ventrolateral medulla (RVLM) (4, 14) and sympathetic preganglionic neurons of the spinal intermediolateral cell column (5, 32, 36) .
SUPPORT OF ARTERIAL PRESSURE in water-deprived (WD) rats depends on the level of ongoing sympathetic nerve activity (SNA) (6, 7, 29, 37, 39, 43) . Although water deprivation progressively unloads cardiopulmonary volume receptors, increases circulating hormones (vasopressin, oxytocin, angiotensin II), and raises body fluid osmolality (6, 40) , data indicate that body fluid hyperosmolality is the principal driver of sympathetic network activity (6, 29) . Hyperosmolality activates osmosensory neurons in the forebrain lamina terminalis (32) (33) (34) 40) and during water deprivation recruits a descending neural pathway to presympathetic neurons of the hypothalamic paraventricular nucleus (PVN). Water deprivation mainly activates glutamatergic PVN neurons (36) with axonal projections to downstream sympathetic regulatory targets, including reticulospinal neurons of the rostral ventrolateral medulla (RVLM) (4, 14) and sympathetic preganglionic neurons of the spinal intermediolateral cell column (5, 32, 36) .
In mammals at rest, ongoing SNA to most end organs consists largely of discreet respiratory and cardiac rhythmic bursts of action potentials (2, 11, 12, 26) . Respiratory rhythmic sympathetic burst discharge result from excitatory and inhibitory interactions among elements of the respiratory network (15, 22, 23) that are transmitted to the sympathetic network, mostly at the level of the RVLM. Cardiac rhythmic bursts of SNA result from pulse synchronous inhibitory entrainment of RVLM neurons by arterial baroreceptor inputs (11, 38) .
In the present study, we tested the hypothesis that, during water deprivation, sympathetic network drive results in increased respiratory and cardiac rhythmic bursting of SNA. Support for this hypothesis stems from evidence summarized above that water deprivation activates a sympathetic regulatory pathway that targets vital elements of the respiratory network and the arterial baroreceptor reflex arc (18 -20, 28) . Further indirect support is derived from evidence that pontomedullary transection, which interrupts the neural pathway activated by water deprivation, disrupts both central respiratory modulation of SNA and arterial baroreflex function (3) .
Here, the impact of water deprivation on rhythmic patterns of SNA was determined from averages of splanchnic SNA (sSNA) triggered by bursts of phrenic nerve activity (PNA) and ECG R-waves. We chose to record sSNA because its burst pattern is strongly modulated by the respiratory network (10, 13) . Results indicate that baseline sSNA was increased in WD rats compared with controls, but, contrary to our hypothesis, inspiratory rhythmic sSNA burst amplitude was reduced, not increased, in WD rats, and activity during the expiratory phase of the respiratory cycle did not differ across groups. The cardiac rhythmic oscillation of sSNA was also similar in control and WD rats. Thus sympathetic network drive during water deprivation appears to mainly increase components of sSNA that are neither respiratory nor cardiac rhythmic.
METHODS

Animals.
All experimental and surgical procedures complied with guidelines set forth by the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio. Adult male Sprague-Dawley rats (n ϭ 22, 250 -400 g) (Charles River Laboratories) were housed in a temperature-controlled room (22-23°C) with a 14:10-h light-dark cycle (lights on at 0700). Control rats had continuous access to food (Harlan Teklad LM-485, 0.3% NaCl) and tap water. WD rats had water but not food withheld for 48 h before initiating experimental protocols.
Animal preparation and surgery. On experiment days, rats were anesthetized with a mixture of ␣-chloralose and urethane (80/800 mg/kg ip) (Sigma-Aldrich, St. Louis, MO). Catheters (PE-50 tubing) were inserted into the left femoral artery and both femoral veins to record arterial blood pressure and administer drugs, respectively. Vagus nerves were transected at the midcervical level, leaving aortic depressor nerves intact. A lead 1 ECG was recorded. After tracheal cannulation, rats were paralyzed with gallamine triethiodide (25 mg·kg Ϫ1 ·h Ϫ1 iv) and artificially ventilated with oxygen-enriched room air. End-tidal CO2 (ETCO 2 ) was maintained between 5.0 and 5.5% by adjusting ventilation rate (80 -100 breaths/min) and/or tidal volume (2-3 ml). Rats were placed in a stereotaxic device, and body temperature was maintained at 37 Ϯ 1°C with a ventrally located water-circulating pad. Supplements of ␣-chloralose/urethane (10% of initial dose) were given as necessary to maintain adequate anesthesia, which was assessed by lack of a withdrawal reflex to noxious pinching of the hindpaw before paralysis and lack of a pressor response thereafter.
Phrenic and sympathetic nerve recording. To record PNA, skin and muscle overlying the left scapula were incised and retracted laterally. The phrenic nerve was isolated near the brachial plexus and transected, and its proximal end placed on a bipolar silver wire electrode (A-M systems, 0.005-in. outer diameter). To record sSNA, the left greater splanchnic nerve was exposed through a retroperitoneal incision, isolated proximal to the adrenal gland, and placed on a bipolar stainless steel wire electrode (A-M systems, 0.005-in. outer diameter). To insulate recordings from body fluid, each nerve-electrode interface was covered with a silicon-based impression material (Super-Dent Light, Carlisle Laboratories). Signals were obtained through highimpedance probes connected to AC amplifiers that were equipped with half-amplitude frequency filters (band pass: 30 -1,000 Hz) and a 60-Hz notch filter. Nerve signals were amplified (20,000 -50,000ϫ), full-wave rectified, RC integrated (time constant ϭ 10 ms), and digitized at 1.5 kHz using a 1401plus analog-to-digital converter and Spike2 software (version 7.1, Cambridge Electronic Design). Noise in sSNA recordings was determined as a 3-min average of integrated voltage recorded 5 min after bolus injection of the ganglionic blocker hexamethonium (30 mg/kg iv).
Assessment of central respiratory drive. Baseline central respiratory drive was determined and compared across groups of control and WD rats. Rats were ventilated with 100% O 2 (ETCO 2 ϭ ϳ5.5%) at baseline, and PNA burst amplitude and frequency were determined. Ventilation was then switched to 8% CO 2 (balance O2), which increased PNA bursting to a stable maximum (ϳ10 min). PNA burst amplitudes at baseline and during hypercapnia were compared across groups.
Hematology. After surgery, a 0.5-ml venous blood sample was drawn from each rat. Plasma protein concentration (Pprotein) was determined by refractometry (VWR International, Buffalo Grove, IL). Plasma osmolality (PosM) was measured from duplicate plasma samples using a freezing-point depression osmometer (model 3320, Advanced Instruments, Norwood, MA). Hematocrit (Hct) was determined from duplicate capillary tubes with a Lancer Hct tube reader (St. Louis, MO).
Data analysis. Heart rate (HR) and respiratory rate were determined as the mean frequency of ECG R-wave and PNA burst synchronous events. Mean arterial pressure (MAP) was calculated as P diastolic ϩ (Psystolic Ϫ Pdiastolic)/3, where Pdiastolic and Psystolic are diastolic and systolic blood pressure, respectively. Baseline values of HR, respiratory rate, and MAP were determined from 5-min segments of stable data.
Averages of sSNA were constructed using the onset of 150 PNA bursts as trigger events (i.e., time zero) and consisted of a 0.3-s pretrigger period and a 1.6-s posttrigger period. The latter was equal to the average respiratory cycle duration (determined from the interval distribution of PNA burst events). Baseline sSNA was taken as the mean of the posttrigger voltage (see Fig. 2B , top left). Respiratory rhythmic sSNA oscillation amplitudes were quantified by subtracting the mean of the posttrigger voltage (i.e., baseline) from the voltage of each peak or trough appearing in the posttrigger period. Peak and trough amplitudes were expressed as a percent change from the mean value.
To quantify cardiac rhythmic bursting of sSNA, triggered averages were constructed from ϳ1,600 ECG R-waves concurrently recorded with segments of sSNA used for construction of PNA burst-triggered averages. Each R-wave-triggered sSNA average consisted of a 0.3-s posttrigger period (Ͼ2 cardiac cycles). Amplitude of the cardiac rhythmic sSNA oscillation was determined as the voltage difference between peaks and troughs (see Fig. 3B , top left).
Respiratory and cardiac rhythmicity index calculations. To quantify the overall level of respiratory rhythmicity present in each PNA burst-triggered sSNA average, the area under the curve (AUC) of the inspiratory peak (IP), expiratory (postinspiratory) trough (ET) and expiratory peak (EP) were summed and expressed as a ratio relative to the total AUC. Total AUC was determined as the product of the mean voltage and duration of the posttrigger period (ϳ1.6 s). Cardiac rhythmicity was calculated from R-wave-triggered sSNA averages by expressing the AUC of the signal oscillation around the mean as a ratio of the total AUC (mean voltage ϫ cardiac cycle duration). All index values are expressed as a percent. Accordingly, a respiratory or cardiac rhythmicity index value of 100% indicates that all recorded sSNA was rhythmic with respect to the trigger event (PNA burst or ECG R-wave). Likewise, an index value of 0% indicates that no component of recorded sSNA was rhythmic with respect to the trigger.
Statistics. Baseline sSNA MAP, HR, ET CO 2 , respiratory rate, Pprotein, PosM, and Hct were each compared across control and WD groups with unpaired Student's t-tests. Baseline sSNA as well as amplitudes and durations of respiratory and cardiac rhythmic sSNA bursts were compared across groups with Mann-Whitney U-tests. Statistical tests were performed using Prism software (version 5.0, GraphPad). In all cases, a critical value of P Ͻ 0.05 was considered statistically significant. Data in the text and Figs. 1-3 are expressed as means Ϯ SE.
RESULTS
Baseline sSNA, hemodynamic, and hematological values. As expected (4, 5, 14, 33, 34) , Table 1 shows that Pprotein, PosM, and Hct were significantly (P Ͻ 0.01) greater in 48-h WD rats than euhydrated controls (n ϭ 8/group), indicating that WD rats were both hyperosmotic and hypovolemic. Despite this, baseline MAP and HR were similar across groups, which may be explained by a significantly (P Ͻ 0.05) greater level of baseline sSNA recorded in the WD group (Table 1) . Our observation of elevated sympathetic outflow in anesthetized WD rats is consistent with a recent study in conscious rats (9) .
Effects of water deprivation on central respiratory drive. To determine effects of water deprivation on respiratory rhythmic bursting of sSNA, experiments first quantified and compared Figure 1A shows examples of expiratory CO 2 , integrated PNA, and integrated sSNA recorded from a control (left) and WD (right) rat during ventilation with 100% O 2 and after switching to hypercapnic ventilation with 8% CO 2 to maximally increase central respiratory drive. Baseline MAP and responses to hypercapnia were similar across groups (data not shown). Figure 1B shows PNA burst-triggered averages of integrated PNA (top row) and integrated sSNA (bottom row) constructed from data shown in Fig. 1A . In both the control and WD rat, PNA burst amplitudes at baseline (100% O 2 ) were ϳ50% of their hypercapnic maxima. PNA burst-triggered averages of integrated sSNA constructed concurrently revealed that the IP amplitude increased to a similar degree in both the control and WD rat. Summary data in Fig. 1C indicate that PNA burst amplitudes (left, n ϭ 6/group) at baseline (open bars) were similar between control and WD rats. Hypercapnic ventilation significantly (P Ͻ 0.01) increased PNA burst amplitude in both groups. Importantly, increases of PNA burst amplitude were not different between groups. Similarly, group data from PNA burst-triggered averages of sSNA (right, n ϭ 5/group) indicate that, although IP amplitude at baseline was smaller on average in WD compared with control rats (P Ͻ 0.05), hypercapnic ventilation similarly and significantly (P Ͻ 0.01) increased IP amplitude in both groups. In other experiments, baseline values of ET CO 2 in control (5.5 Ϯ 0.1%) and WD (5.5 Ϯ 0.1%) rats (n ϭ 8/group) were identical, as were respiratory rate (i.e., PNA burst frequency) (control, 34 Ϯ 1 beats/min; WD, 34 Ϯ 2 beats/min), inspiratory time (control, 0.49 Ϯ 0.01 s; WD, 0.52 Ϯ 0.02 s), and expiratory time (control, 1.17 Ϯ 0.08 s; WD, 1.06 Ϯ 0.07 s). Collectively, data indicate that, under conditions of these experiments, central respiratory drive was similar among control and WD rats, and that CO 2 sensitivity of PNA and sSNA was unaffected by water deprivation.
Effects of water deprivation on respiratory rhythmic sSNA. Figure 2A shows a representative PNA burst-triggered sSNA average from a control (left) and WD (right) rat. Data were analyzed as shown in Fig. 2B (top left) . Note that, in the control rat ( Fig. 2A, left) , a prominent IP was followed by an early ET and little evidence of a late EP. By contrast, mean voltage of sSNA across the entire respiratory cycle was greater in the WD rat ( Fig. 2A, right) , and a smaller amplitude IP was observed. Whereas the amplitudes of the ET were similar, the WD rat had a larger amplitude EP compared with the control rat. Group data in Fig. 2B (n ϭ 8/group) indicate that the mean voltage of sSNA (top right) was significantly (P Ͻ 0.05) greater in the WD group than controls. Although the IP duration was similar in control (0.31 Ϯ 0.02 s) and WD (0.37 Ϯ 0.03 s) rats, Fig. 2B (bottom left) indicates that the IP amplitude relative to the mean was significantly (P Ͻ 0.001) smaller in the WD group (ϩ68 Ϯ 6%) compared with controls (ϩ208 Ϯ 20%). Water deprivation had no effect on either the amplitude or the duration of the ET. The late EP was observed in two of eight control rats and eight of eight WD rats. When present in control rats, however, the EP amplitude was similar to that of WD rats.
A comparison of overall respiratory modulation of sSNA across groups is shown in Fig. 2B, bottom Rhythmicity index values of the ET (WD, 5.7 Ϯ 0.6%; control, 7.1 Ϯ 1.1%) and EP (WD, 2.9 Ϯ 0.3%, n ϭ 8; control, 1.9 Ϯ 0.1%, n ϭ 2) were not different across groups, indicating that these components of respiratory modulated sSNA contributed similarly to the overall level of sSNA observed in control and WD rats.
Effects of water deprivation on cardiac rhythmic sSNA. Figure 3A shows an R-wave-triggered average of sSNA from a control (left) and WD (right) rat. Data were analyzed as shown in Fig.  3B (top left) . Note that the mean level of sSNA was greater in the WD rat than the control, but the amplitude of the cardiac rhythmic sSNA oscillation was similar. Group data in Fig. 3B (n ϭ 8/group) reveal that the mean of sSNA was significantly (P Ͻ 0.05) greater in WD rats than controls (top right), which is consistent with data from PNA burst-triggered averages in 
DISCUSSION
Maintenance of arterial pressure during water deprivation depends on the level of ongoing SNA (4 -6, 9, 27, 32-34, 39). Here, burst patterns of sSNA were quantified to determine which rhythmic components might contribute to cardiovascular homeostasis during water deprivation. Results indicate that rats deprived of water for 48 h had an overall increase of sSNA compared with euhydrated controls, but did not exhibit an accompanying increase of either respiratory or cardiac rhythmic burst discharge. Thus maintenance of cardiovascular homeostasis by heightened sympathetic network drive during water deprivation appears to depend on neural modulatory effects that selectively increase nonrespiratory and noncardiac rhythmic components of ongoing SNA. It should be noted that this conclusion is predicated on the assumption that the rhythmic patterning of sSNA reported here is representative of that which occurs among other sympathetic nerves during water deprivation. This remains to be demonstrated.
The increase of ongoing sSNA observed among WD rats is consistent with evidence of robust sympathetic network activation during dehydration (4, 6, 7, 9, 27, 29, 32-34, 36, 39) . Sympathetic activation during water deprivation has a functionally significant impact on cardiovascular function. This conclusion is supported by Colombari et al. (9), who recently reported that MAP in conscious rats increases progressively during a 48-h period of water deprivation. Consistent with the present findings, these authors performed power analysis of systolic blood pressure variations and concluded that water deprivation significantly increased resting sympathetic discharge.
In the present study, we assessed the extent of overall respiratory modulation of sSNA. This was achieved by calculating a respiratory rhythmicity index from PNA burst-triggered averages of sSNA. Contrary to our hypothesis, this analysis revealed that water deprivation reduced, rather than increased, overall respiratory modulation of sSNA. Further analysis showed that water deprivation reduced the amplitude of the inspiratory burst of sSNA without affecting its duration and without significantly impacting the pattern of sSNA that occurred during expiratory phase of the respiratory cycle. Indeed, neither the early ET nor the late expiratory burst of sSNA differed across control and WD rats. A caveat to the latter conclusion is that a small but detectable EP of sSNA was consistently (8/8) observed in WD rats, but was seen infrequently (2/8) in euhydrated controls. This notwithstanding, the small amplitude of sSNA bursts that occurred more often in WD rats is not sufficient to account for an overall elevation of sSNA in this group, especially when considered together with the significant reduction of inspiratory rhythmic burst of sSNA in the WD group. Thus the overall decrease of respiratory rhythmicity of sSNA in WD rats appears to mostly reflect the observed decreased in the amplitude of inspiratory bursts. It should be noted that the observed decrease of inspiratory bursting of sSNA in WD rats conflicts with a previous study (9) , which reported that respiratory modulation of SNA was unchanged in WD rats. A possible explanation for this difference is that the earlier study was performed in conscious rats, while our rats were anesthetized with urethane-chloralose. Alternatively, we assessed respiratory modulation of SNA from PNA burst-triggered averages of directly recorded sSNA, whereas they used changes in the high-frequency component of the sys- Fig. 1 . Effects of water deprivation on central respiratory drive and respiratory rhythmic splanchnic sympathetic nerve activity (sSNA) burst discharge at baseline and during hypercapnic ventilation. A: expired CO2, integrated phrenic nerve activity (PNA), and sSNA responses to ventilation with 8% fractional inspired CO2 (FICO 2 ) in a euhydrated control (left) and 48-h water-deprived (WD; right) rat. B: consistent with raw burst data in A, PNA burst-triggered averages of integrated PNA (top row) and integrated sSNA (bottom row) revealed that, compared with baseline (solid black lines), 8% FICO 2 (shaded dashed lines) in the control rat (left graphs) and the WD rat (right graphs) caused similar magnitude increases in the amplitude of the PNA burst and the inspiratory peak (IP) of sSNA. C: summary data from control and WD rats (n ϭ 6/group) show that PNA burst amplitude (left) was similar at baseline (open bars) and was similarly and significantly increased by ventilation with 8% FICO 2 (solid bars). PNA burst-triggered averages of sSNA (right) in control and WD rats (n ϭ 5/group) show that, although IP amplitude at baseline was significantly smaller (open bars) in WD rats, hypercapnic ventilation (solid bars) significantly increased IP amplitude in both groups. Collectively, these data indicate that central respiratory drive at baseline was similar in control and WD rats and that water deprivation did not change response sensitivity to CO2. Summary data are means Ϯ SE. Triggered averages in B were constructed from onset of 40 PNA bursts. *P Ͻ 0.01 vs. baseline.
†P Ͻ 0.05 vs. control. AU, arbitrary units. Note that the amplitude was greater in the control than the WD rat. The IP was followed by an early expiratory (postinspiratory) trough (ET) and a small late expiratory peak (EP). Summary data (n ϭ 8/group) in the top right reveal that the mean voltage of sSNA was significantly greater in WD rats (solid bar) compared with controls (open bar), whereas IP amplitude (bottom left) was significantly smaller in WD than control rats. Amplitudes of the early ET and late EP when present in control rats (see text for details) were similar across groups. Bottom right: rhythmicity index values. Note that respiratory modulation of sSNA across the entire respiratory cycle (Total) was significantly less in WD rats compared with controls. The IP was the major contributor to total respiratory modulation in control rats, but its role was significantly less in WD rats. Contributions of the early ET and late EP to overall respiratory modulation were similar across groups, with the late EP playing a minor role in overall respiratory modulation in both groups. Triggered averages of sSNA were constructed from 150 consecutive PNA bursts. Summary data are means Ϯ SE. *P Ͻ 0.05 vs. control. †P Ͻ 0.0005 vs. control. ⌬, Change.
tolic blood pressure power spectrum to assess respiratory modulation. To our knowledge, the relative sensitivity of these two methods to detect changes in inspiratory vs. expiratory phase modulation of SNA has not been established.
It is important to emphasize that our observation of reduced respiratory rhythmicity of sSNA in WD rats could simply reflect a decrease of central respiratory drive compared with control rats. However, experiments using hypercapnic ventilation (see Fig. 1 ) indicate that this was not the case. Further support for this conclusion comes from data showing that baseline ET CO 2 , inspiratory time, and expiratory time, were all similar among control and WD rats. As noted above, small expiratory phase sSNA bursts were more frequently observed in WD rats, and admittedly this could reflect increased central respiratory drive. As discussed above, however, even with this being the case, greater expiratory phase sSNA is not sufficient to account for the observed increase of ongoing sSNA in WD rats.
Mechanisms underlying reduced inspiratory bursting of sSNA during water deprivation remain to be determined. One possibility is that presympathetic neurons of WD rats might have blunted responses to inspiratory rhythmic excitation from respiratory network inputs. Inspiratory bursts of SNA are dominantly driven by sympathoexcitatory neurons of the RVLM, which receive excitatory inputs from inspiratory preBötzinger neurons (23) . Whether or not individual RVLM neurons exhibit blunted inspiratory rhythmic discharge in WD rats has not been directly tested. Available evidence suggests that this might not be the case, since excitatory glutamatergic tonus and neuronal activity in RVLM are increased, not decreased, in WD rats (4, 32) . Another argument against water deprivation-induced blunting of excitatory responses in RVLM stems from studies in salt-loaded rats, which have increased PosM akin to that produced by water deprivation. Salt-loaded rats have enhanced, not diminished, pressor and sympathoexcitatory responses to RVLM injection of L-glutamate (1, 17, 35) . Additional studies are clearly needed to determine whether water deprivation produces a similar affect.
It is also possible that reduced inspiratory bursting of sSNA in WD rats could arise from an increase of convergent inspiratory rhythmic inhibition of sympathoexcitatory neurons. A possible source of such inhibition is GABAergic neurons in the caudal ventrolateral medulla, which have been recently reported to have increased activity during acute hypoxia (21) . Fig. 2A Table 1 ). Triggered averages of sSNA in A were constructed using ϳ1,600 consecutive R-waves. Summary data are means Ϯ SE. *P Ͻ 0.05 vs. control.
Whether these or other such neurons are activated during water deprivation remains untested. A final consideration is that decreased inspiratory burst amplitude in WD rats could simply reflect the overall increase of sSNA that was observed during noninspiratory phases of respiratory cycle. This could simply have made the amplitude of the IP of sSNA appear smaller relative to baseline. Although our results do not entirely exclude this possibility, the smaller IP amplitude recorded at baseline in WD rats was clearly not due to a ceiling effect, as hypercapnic ventilation not only increased overall sSNA (Fig. 1A) , but also increased IP amplitude similarly in control and WD rats (Fig. 1, B and C) . Neural mechanisms that generate and regulate the level of nonrhythmic sSNA are not well described, but electrophysiological data indicate that neurons with tonic discharge are interspersed in the RVLM among neurons with respiratory rhythmic discharge (16, 24) . Moreover, up to 50% of spinal sympathetic preganglionic neurons exhibit tonic firing that is neither respiratory nor cardiac rhythmic (16, 44) . Even among respiratory rhythmic RVLM neurons, rhythmic discharges can be superimposed on a background of tonic (nonrhythmic) firing (12) .
Sources of tonic drive to RVLM that are activated during water deprivation have not been identified, but one possibility is the hypothalamic PVN, where ϳ25% of neurons projecting to RVLM have been documented to exhibit sympatheticrelated discharge that is, nevertheless, tonically patterned (8) . This possibility seems particularly intriguing, given literature evidence that PVN neuronal activity is required for maintenance of ongoing SNA and MAP in WD rats (14, (32) (33) (34) 36) . It remains to be determined, however, if the subgroup of PVN-RVLM neurons with tonic sympathetic-related discharge is activated by water deprivation.
Previous reports indicate that baroreflex gain and its operating range are unaffected in conscious WD rabbits (42) . This is consistent with the present study, which showed that water deprivation did not affect the amplitude of the cardiac rhythmic sSNA oscillation. The latter finding is not unexpected, given that baseline MAP and HR were similar in WD and control rats, suggesting that baroreceptor afferent input and baroreflex function overall were similar across groups.
The significance of the present findings lay in determining the extent to which specific rhythmic bursts of SNA contribute to regulation of cardiovascular function. Recent studies in rats made hypertensive by treatment with angiotensin II and a high-salt diet (41) or by exposure to chronic intermittent hypoxia (45, 46) have provided important insight in that both disease models exhibit exaggerated SNA bursting during expiration. These findings extend those of Simms et al. (30, 31) who provided key initial evidence to support the concept that respiratory modulation of SNA is an important factor in development of exaggerated neurogenic vasomotor tone in juvenile spontaneously hypertensive rats.
In summary, rats deprived of water for 48 h exhibited an increase of ongoing sSNA that could not be explained by an increase of either respiratory or cardiac rhythmic burst discharge. An overall increase of sSNA was observed in WD rats, despite having reduced inspiratory rhythmic burst amplitude, together with little or no change of either expiratory rhythmic or cardiac rhythmic activity. Over the past several years, studies have spawned a resurgence of interest in the role that respiratory rhythmic bursting of SNA might play in regulation of arterial blood pressure, particularly as a mechanism contributing to neurogenic forms of arterial hypertension (25, 30, 31, 41, 45, 46) . Within this context, the present findings suggest that SNA that is not rhythmic with respect to either the respiratory or the cardiac cycle could be an additional important factor in cardiovascular regulation and control of arterial pressure. Additional studies are needed to further validate this concept and to determine the relative contributions of cardiac, respiratory, and nonrhythmic components of SNA to maintenance of homeostasis during acute physiological challenges (hemorrhage, hypoxia, cold stress, etc.), as well as chronic cardiovascular/metabolic diseases (hypertension, heart failure, renal disease, obesity, diabetes, etc.).
